To assess the effects of a natural volume overload state (pregnancy) on left ventricular function we recorded echocardiograms each trimester (TM) and four to 12 weeks postpartum. Heart rate increased from 77 ± 2 (SEM) to 88 ± 2 heats/min (TM I vs TM 3, P < 0.01) and declined to 69 ± 2.0 beats/min postpartum (P < 0.05 vs TM 3). Despite these changes, end-diastolic dimension increased from 46.3 ± 0.7 to 50.7 0.7 mm (TM I vs TM 3, P < 0.01) and decreased postpartum to 47.5 ± 0.7 mm (P < 0.01 vs TM 3). Calculated stroke volume and cardiac index changed correspondingly, but ejection fraction, percent of fractional shortening and mean normalized rate of internal diameter shortening were not significantly altered. Left ventricular wall mass increased during gestation but decreased between TM 3 and postpartum 162 ± 8.3 vs 143 ± 6.2 g, P < 0.05). THE OPTIMAL MANAGEMENT of pregnancy, especially for women with heart disease, requires an understanding of the basic hemodynamic stresses that occur during gestation. The most important hemodynamic change in the maternal circulation during pregnancy is an increase in cardiac output of 30-40%.' This alteration has several unique features: 1) the augmentation occurs relatively early in pregnancy (20-24 weeks), 2) it cannot be explained entirely on the basis of fetal needs, and 3) fluctuations in cardiac output occur with changes in body position as the gravid uterus impinges in varying degree on the inferior vena cava, thus altering systemic venous return.2 A second fundamental hemodynamic change is a decrease in peripheral vascular resistance as a consequence of the creation of a low-resistance circuit (placenta). This alteration is manifest as a widened pulse pressure due to a decline in levels of diastolic arterial blood pressure and a fall in mean blood pressure.3 A third hemodynamically important shift during pregnancy is a dramatic increase in maternal blood volume approaching 40% above nonpregnant values.4
THE OPTIMAL MANAGEMENT of pregnancy, especially for women with heart disease, requires an understanding of the basic hemodynamic stresses that occur during gestation. The most important hemodynamic change in the maternal circulation during pregnancy is an increase in cardiac output of 30-40%. ' This alteration has several unique features: 1) the augmentation occurs relatively early in pregnancy (20-24 weeks), 2) it cannot be explained entirely on the basis of fetal needs, and 3) fluctuations in cardiac output occur with changes in body position as the gravid uterus impinges in varying degree on the inferior vena cava, thus altering systemic venous return.2 A second fundamental hemodynamic change is a decrease in peripheral vascular resistance as a consequence of the creation of a low-resistance circuit (placenta). This alteration is manifest as a widened pulse pressure due to a decline in levels of diastolic arterial blood pressure and a fall in mean blood pressure.3 A third hemodynamically important shift during pregnancy is a dramatic increase in maternal blood volume approaching 40% above nonpregnant values. 4 While the effects on cardiac output have been welldocumented, there is conflicting information concerning left ventricular performance during pregnancy. Normal, augmented and depressed function have been reported at various stages of gestation."' In addition, normal gestation provides the opportunity to study a naturally occurring volume overload state in normal human subjects. This study was designed to provide quantitative information regarding serial alterations in left ventricular performance during normal pregnancy.
The study group was comprised of 19 pregnant women who had normal, full-term spontaneous deliveries. They were 19-37 years of age (mean = 25) and had no cardiovascular disease as assessed by a complete history and physical examination. The resting electrocardiogram was within normal limits in all subjects. All subjects underwent identical procedures at the end of the first and second trimesters and during the third trimester within one to two weeks before the expected date of delivery and six to 12 weeks postpartum. At each visit the following were obtained: blood pressure (cuff sphygmomanometer); indirect carotid arterial pulse tracing; and an echocardiogram in both the supine and left lateral decubitus positions after allowing the subject to lie quietly in each position for 5 minutes. All patients gave written informed consent and the protocol was approved by the Committee on Investigational Activities Involving Human Subjects, University of California, San Diego.
Recording Techniques
Echocardiograms were recorded with a Picker ultrasonoscope utilizing a 2.25 MHz, 1.25 cm transducer focused at 7.5 cm, with a repetition rate of 1000 impulses/sec. The output signal was recorded on an Irex Continutrace system at a paper speed of 100 mm/sec. The ultrasound beam was directed such that simultaneous recordings of the endocardial surfaces of the interventricular septum and the posterior left ventricular wall were obtained immediately below the plane of the free edges of the mitral valve9 ( fig. 1 ), using the "standard interspace" method described by LV The heart rate, blood pressure and body surface area measurements are shown in table 1 . The body surface area tended to increase appropriately throughout gestation and declined to first trimester levels postpartum. The heart rate increase, as compared with postpartum levels, was already evident by the first trimester. The trend continued and reached a peak in both positions during the third trimester. In the lateral position systolic blood pressure tended to be somewhat lower during the second trimester but was at postpartum levels by the third trimester. By contrast, diastolic blood pressure was significantly less than postpartum levels during both the second and third trimesters; this observation also applied to the mean blood pressure and was true for both the lateral and supine positions.
Direct echocardiographic and left ventricular ejection time measurements are shown in table 2. The left ventricular ejection time steadily declined throughout gestation, reaching its nadir in both positions during the third trimester. At this time the measurement in the supine position was significantly less than in the lateral position (P < 0.05). The left ventricular enddiastolic dimension increased progressively, reaching its peak during the third trimester. However, this was true only for the lateral position and no significant changes were noted in the supine position. Similarly, there was a tendency for the end-systolic dimension to increase throughout gestation, but this change again was noted only in the left lateral position. There were no significant alterations in wall thickness in either position. The left atrial size increased parn passu with the increase in left ventricular end-diastolic dimension, while the aortic root dimension was unchanged. The maximum increase in the left atrial dimenslon was 14%. In the left lateral position, no significant alterations were noted in septal and posterior wall excursions or in the EF slope of the anterior leaflet of the mitral valve. The small changes in the supine position in septal excursion were significant at the P -0.05 level, but these changes were small and probably within the theoretical limits of the method. Similarly, in the supine position there was a decline in the EF slope between the first and third trimester, and this may well reflect the decrease in venous return produced by the gravid uterus during the third trimester.
The derived echocardiographic measurements are shown in table 3. There were no significant alterations in systolic excursion of the left ventricle. As expected, both the end-diastolic volume and the end-diastolic volume index increased in the lateral position, since these measurements were derived from the enddiastolic dimension. No significant changes were noted in the supine position. CI RCULATION that left ventricular performance probably remained unchanged throughout pregnancy. This conclusion is consistent with our own findings in which left ventricular performance in the left lateral position remained within the normal range and was neither enhanced nor depressed despite the induction of a chronic volume overload state. The increases in mean Vcf and Vpw observed in the third trimester in the supine position were probably related to the marked reduction in left ventricular ejection time which occurred at this stage of gestation (table 2) . As indicated earlier, this reduction is probably the result of the decrease in venous return produced by the gravid uterus. When the stroke volume in the supine position is compared with that in the lateral position there is a significant difference in the third trimester (87 ± 5 vs 97 ± 5 ml, P < 0.05) (table 3) . Thus, for assessment of serial changes in left ventricular function in individual patients, it seems best to choose one position, preferably the left lateral.
The left ventricular ejection time was diminished despite a marked increase in stroke volume in the left lateral position. However, in this position the left ventricular ejection time displayed no significant changes throughout gestation, while it was diminished in the supine position and when the supine was compared with the lateral position during the third trimester. The preservation of the left ventricular ejection time in the lateral position and the significant but modest reduction in the supine position, despite an increase in stroke volume, suggests that influences other than stroke volume may be contributing to the velocity of shortening. Tachycardia itself would tend to diminish the left ventricular ejection time and enhance wall shortening velocity.9 23 In addition, it has been suggested that during pregnancy hormonal influences may exert a positive inotropic effect on the left ventricular myocardium, and it is possible that the observed alterations in left ventricular ejection time in relation to stroke volume could result from such influences. However, no substantive data support this hypothesis.
Our results differ in several ways from the ultrasound findings recently reported by Rubler et al.8 These investigators did not report the progressive and significant increase in left atrial size that we observed, but they did note an increase in the ejection fraction, mean Vcf, and posterior wall shortening, compared with a group of normal control subjects. Analysis of their data, however, reveals average values for mean Vcf throughout gestation that do not differ significantly from ours; in addition, the mean Vcf value in their Group IV [TM 3 patients] did not differ from their own control group.
It should also be emphasized that our methods of study and data analysis differ from all other studies cited above. In none, except the report of Martin et al.,7 were the same patients studied serially throughout gestation. The usual approach has been to study heterogeneous groups of patients in each trimester and to compare these values with either published normal values or with a nonpregnant control group rather than with the same patients studied sequentially during gestation and postpartum. Therefore, in other studies only unpaired data have been reported. In contrast, we have used a repeated measure of analysis of variance for data reduction, a technique which is more suited to sequential studies in the same individuals and more rigorous in its requirements for statistical significance. Thus, while there was a tendency for mean Vcf to decline in the postpartum state in the lateral position from 1.27 ± 0.3 to 1.16 ± 0.4 diam/sec (values virtually identical to those of Rubler et al.8), this decline did not reach statistical significance using our methods of analysis.
The average hed/r tended to diminish during gestation and was significantly reduced when the third trimester was compared with the first trimester values in the lateral position. This is consistent with an increase in muscle mass that was noted and suggests that eccentric left ventricular hypertrophy had occurred. One explanation of why left ventricular performance remains in the normal range in pregnant patients with left ventricular enlargement is that there are alterations in systemic arterial pressure which permit the left ventricle to shorten against a relatively normal afterload. Thus, when the available ultrasound measurements of end-diastolic dimensions, wall thickness and systemic diastolic pressure were used to estimate left ventricular wall stress using an elipsoid model,'5', 24 it was found that wall stress tended to increase postpartum (P < 0.05 vs TM 1 and TM 2).
Considerations Regarding Chronic Volume Overload
There is conflicting evidence concerning the mechanical performance of the nonfailing, hypertrophied myocardium, and little information is available from previous studies in human subjects. It SUMMARY Forty-one patients with borderline hypertension were subdivided into groups with low, normal, and high cardiac index. Cardiac output, intra-arterial pressure, renal blood flow, splanchnic blood flow, plasma volume, red cell mass and plasma renin activity were determined concomitantly, and derived hemodynamic indices were calculated. Cardiac output, arterial pressure and plasma renin activity were also measured after head-up tilt and isometric handgrip. Heart rate and stroke index were significantly higher in patients with normal and high cardiac output than in patients with low cardiac output. A significant difference was also found between the three groups in total blood volume, total peripheral resistance, renal and hepatic blood flow, whereas plasma renin activity and plasma volume did not differ significantly. Cardiac output correlated with plasma (r = 0.500), total blood (r = 0.630) and central blood volumes (r = 0.782). In contrast, a negative correlation was observed between total peripheral resistance, plasma (r = -0.440) and total blood (r =-0.644) volumes. Furthermore, cardiac output, renal (r = 0.550) and hepatic (r = 0.625) blood flows correlated. The response of cardiac output and total peripheral resistance to tilt was more pronounced in high than in low cardiac output borderline hypertension (P < 0.05) whereas handgrip responses were similar in the three groups. We conclude that the fluid volume state is a major determinant of cardiac output and/or peripheral resistance in borderline hypertension with renal and hepatic blood flow varying in parallel. The magnitude of cardiac output, renal and hepatic blood flow depends mainly on the shift of the circulating blood volume to the central circulation.
THE EARLY DEVELOPMENTAL STAGE OF ESSENTIAL HYPERTENSION has been described in various terms, including labile, juvenile, borderline and hyperkinetic high blood pressure. The common denominator of the definition is that all imply relatively young patients in whom alternatively normal and elevated arterial pressures can be measured. Although different criteria for defining borderline hypertension have been used by various investigators, it is well-documented that the hemodynamic pattern of these patients (as a group) show an increased cardiac output associated with a numerically normal total peripheral resistance.'-9 Several reports from our own and other laboratories have shown that among these borderline hypertensive patients there is a continuous spectrum from those with a very high heart rate and cardiac output, to those with normal values, and to a few others whose heart rate and cardiac output might even be somewhat reduced.9-12 Ulrych et al. ' 3 have suggested that the increased cardiac output may be achieved through a redistribution of peripheral intravascular volume toward the cardiopulmonary circulation, presumably as a result of venoconstriction. This study was designed to elucidate the relationship between the systemic and local hemodynamics and circulating intravascular volume in patients with borderline hypertension having low, normal and high cardiac output.
